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Introduction {#sec001}
============

Polycomb group of proteins that are members of two repressive complex (PRC1 and PRC2) play crucial role in the maintenance of both normal and cancer stem cells\[[@pone.0190245.ref001]--[@pone.0190245.ref003]\]. In various cancers, this group of protein induces tumorigenesis \[[@pone.0190245.ref004]--[@pone.0190245.ref008]\]. BMI1, RING1A and RING1B are the components of the Polycomb repressive complex 1 (PRC1)group and catalyzes mono-ubiquitination of histone H2A at lysine (K) 119 (H2A-K119Ub)\[[@pone.0190245.ref009]\]. BMI1 overexpression induces epithelial to mesenchymal transition (EMT) and enhances the motility and invasiveness of cancer cells. It is involved in the regulation of self-renewal and differentiation of stem cells\[[@pone.0190245.ref010]\]. Knock-down of BMI1 reducesstemness and rendersdrug sensitivity to the cells \[[@pone.0190245.ref011]\]as well as reverse EMT and reduces motility\[[@pone.0190245.ref012]\]. Breast cancer stem cells that undergo EMT have more expression of SLUG and BMI1\[[@pone.0190245.ref013]\]. Therefore, post-transcriptional regulation of Polycomb group of proteins is a possible mechanism to counter carcinogenesis.

MicroRNAs (miRNAs) are a class of small, endogenous RNAs of 21--25 nucleotides in length. They play an important regulatory role in inhibiting translation of specific mRNAs \[[@pone.0190245.ref014]--[@pone.0190245.ref016]\]. They act as master regulators of the various process including proliferation, apoptosis, fat metabolism, neuronal patterning, hematopoietic differentiation and immunity \[[@pone.0190245.ref017]\]. In cancer, miRNAsare seen to play dual role either as a tumor suppressor or as oncogenic depending on cell or tissue type. Both, loss and gain of miRNA function contribute to cancer development through up-regulation or down-regulation of different putative target genes \[[@pone.0190245.ref016], [@pone.0190245.ref018]--[@pone.0190245.ref020]\]. High frequency of genomic alterations in miRNA loci are seen in human ovarian cancer, breast cancer and melanoma \[[@pone.0190245.ref021]\]. There are few reports of miRNA which regulate the PRC group of proteins i.e., BMI1. For example, miR-141 promotes senescence in human diploid fibroblasts by down-regulating BMI1\[[@pone.0190245.ref022]\]. Also, miR-135a reduces proliferation and clonogenicity possibly by targeting BMI1 in Pancreatic ductal adenocarcinoma\[[@pone.0190245.ref023]\].

Here, we wanted to identify potential miRNAsthat target BMI1 and other PRC1 group proteins and evaluate their role. Ourstudies show that altering the expression of a group of miRNAs that include miR-15a, miR-200a, miR-200b, miR-429, and miR-203 produced a significant down-regulation of the expression of BMI1 in the breast cancer cell lines, MDAMB-231 and BT549. Therefore, our interest was to see whether altering the expression of these miRNAs in MDAMB-231 cells produced any effect onEpithelial to Mesenchymal transition (EMT), proliferation, invasion, migration, drug sensitivity and also on the Cancer Stem Cell (CSC) population. We have shown that the miR-200a, miR-200b, miR-15a, miR-429 and miR-203 coordinately regulate expression of PRC1 group of proteins and also affect the rate of Mesenchymal to Epithelial transition (MET) in MDAMB-231 cells. We also show for the first time that the sensitivity of MDAMB-231 cells to cisplatinand histone deacetylase inhibitor (HDACi) SAHAis elevated upon overexpressing miR-15a and miR-200a, miR-200b, miR-203. Results to these experiments hold the key to the potential use of these miRNAsas therapeutic agents.

Material methods {#sec002}
================

Target analysis {#sec003}
---------------

The binding sites of the miR-200a, miR-200b, miR-15a, miR-203 and miR-429 on BMI1 3' UTR and EZH2 3' UTR were identified with the help of the software tool, miRTarBase (<http://mirtarbase.mbc.nctu.edu.tw/>), Targetscan(<http://www.targetscan.org/>) and microRNA.org (<http://www.microrna.org/microrna/home.do>).

Cell line and cell culture {#sec004}
--------------------------

Both the cell lines BT549 and MDAMB-231 were obtained from American Type Culture Collection (ATCC, USA). BT549 cell line was maintained in Dulbecco's Modified Eagle's Medium (DMEM) and MDAMB-231 cells were maintained in Roswell Park Memorial Institute medium (RPMI). Media were supplemented with 10% fetal bovine serum (FBS) 100 U/ml Penicillin and 100mg/ml streptomycin sulfate (\#S6501, Sigma-Aldrich, USA). Cells were incubated at 37°C with 5% CO2 and a 95% humidified atmosphere.

Dual luciferase assay and cell transfection {#sec005}
-------------------------------------------

Transfection of miRNAs, BMI1 3'UTR was performed usingLipofectamine^®^ 3000 Transfection Reagentas per manufacturer's instructions(\#L3000008,Thermo Fisher Scientific Inc. USA). All the miRNAs including scramble miRNA vectorcat \#.PMIRH000PA-1; miRNA-15a Cat\#.PMIRH15PA-1, miR-200a Cat\#.PMIRH200PA-1, miR-200b Cat\#.PMIRH200bPA-1, miR-203 Cat\#.PMIRH203bPA-1, miR-429 Cat\#.PMIRH429PA-1), wereprocured from System Bioscience. To confirm that miR-15a, miR-200a, miR-200b, miR-203 and miR-429, have the binding sites in 3′UTRs of BMI1 and regulates the expression of BMI1 in MDAMB-231, cells were seeded in 12-well plates and co-transfected with the individual miRNA along with wild (wt) BMI1in psiCHECK2 vector as well as with mutant (Mut) BMI1psiCHECK2 reporter plasmids separately. Primers sequence used for cloning 3' UTR (both wt and Mut) are given in [S1 Table](#pone.0190245.s008){ref-type="supplementary-material"}. 48 hrs after co-transfection, lysate was prepared and the assay was performed as per protocol supplied by the manufacturer (Promega cat \#. E1910). Renilla luciferase activity was normalized to firefly luciferase activity for each sample. Scramble microRNA vector was used as control. Anti-miR-15a (Exiqon, cat \#.4100999--001), anti-miR-200a (Exiqon, cat \#.4100372--001), anti-miR-200b (Exiqon, cat \#.4104042--001), anti-miR-203 (Exiqon, cat\#.4103280--001) and anti-miR-429 (Exiqon, cat \#.4101290--001)were used to transfect the cells to see the effects upon antagonizing the miRNAs.

Western blot analysis {#sec006}
---------------------

miR-200a, miR-200b, miR-15a, miR-429 and miR-203 were transfected to BT-549 and MDAMB-231cells in 60 mm dishes and the cells were incubated for 48 hrs. Cells used as control was transfected with Scramble miRNA vector. Cell lysates were prepared with RIPA Buffer (Sigma cat \# R0278). Equal amounts of protein were loaded and separated by SDS-PAGE. The bands from the gels were transferred onto PVDF membrane. The membrane was blocked with 5% non-fat milk in TBST (10 mMTris-HCl, pH 8.0, 150 mMNaCl and 0.05% Tween 20), and incubated overnight with the primary antibody ([S2 Table](#pone.0190245.s009){ref-type="supplementary-material"}) at 4°C followed by three times washes of 10 minutes each with 1XTBST and hybridized with secondary antibody. Goat anti-rabbit (IgG-HRP Santa Cruz cat \#. sc-2004) and goat anti-mouse (IgG-HRP Santa Cruz cat \#. sc-2005) were used as Secondary antibodies.

Immunocytochemistry {#sec007}
-------------------

For immunocytochemistry 2 x 10^5^ MDAMB-231 cells were seeded in 6 well plates on cover slips. After 24 hrs, cells were transfected with miR-200a, miR-200b, miR-15a, miR-429 and miR-203. Scramble miRNA vector was transfected into cells used as control. 48 hrs post-transfection, cells were fixed using 4% para-formaldehyde followed by three washes of 5 minutes each in PBST (Phosphate Buffered Saline with Tween^®^ 20). Slides were further incubated overnight at 4°C separately with the following primary antibodies: anti-rabbit-BMI1 (Cell Signaling cat \#. 6964), anti-rabbit-RING1A (Cell Signaling cat \#. 13069 1:1000 dilution), anti-rabbit-RING1B (Cell Signaling cat \#. 5694), anti-mouse-N-Cad (Cell Signaling cat \#. 14215), anti-rabbit-Vimentin (Cell Signaling cat \#.5741), anti-rabbit-ABCG2 (Cell Signaling cat \#.4477),anti-rabbit-Ki67 (Cell Signaling cat \#.9129). PBST washes were repeated for three times of 5 minutes interval each. Slides were thereafter incubated with the anti-mouse-FITC anti-rabbit-CY3 secondary antibody (Jackson Immuno Research) for two hours and finally washed in PBS, dried and mounted with Vectashield mounting media containing DAPI that counter stains the nucleus (Invitrogen, cat. \#D21490). Slides were viewed under confocal microscope (Olympus Model no FV1000).

RNA isolation and RT-PCR {#sec008}
------------------------

Total RNA was isolated using TRIzol reagent (Invitrogen, USA) according to the manufacturer's instructions. Concentrations were determined at an absorbance of 260 nm. cDNA was synthesized (1 μg for mRNA) using RNA to cdnaEcoDry^™^ Premix (\#639543, Clontech Laboratories, Inc., USA) and quantified using Nanodrop (Thermo Scientific USA, ND-0859).qRT- PCR was performed using Power SYBR^®^ Green PCR Master Mix andPower SYBR^®^ Green RT-PCR Reagents Kit (Applied Biosystem, USA)in 7900HT Fast Real-Time PCR System (Applied Biosystem, USA).

Terminal Transferase UTP Nick End Labeling (TUNEL) Assay {#sec009}
--------------------------------------------------------

MDAMB-231 cells transfected with miR-15a and treated with 5μM cispaltin, were washed with DPBS.DNA fragmentation was detected using *In situ* Apoptosis Detection kit (\#.MK500, TAKARA BIO INC. Japan) DNA was labeled with FITC DNA binding dye for 5 min. Images were taken under confocal microscopy (Olympus Model no FV1000)

Wound healing assay {#sec010}
-------------------

48 hrs post transfection of MDAMB-231 cells a straight line scratch was made on the 60mm culture plates using a 200μL pipette tip. The cells were washed with DPBS and supplemented with new media. Images were taken at 0 hrs, 24 hrs, and 48 hrs by using an inverted microscope (ModelCKX41,Olympus).

Soft agar anchorage-independent growth assay {#sec011}
--------------------------------------------

Soft agar anchorage-independent growth assaywas performed in 12 well plates. The base agar layer is plated by mixing equal volumes of 0.5%agar and 1x RPMI containing 10% FBS and antibiotics. The plates were set aside for 5 minutes to solidify. The top agar layer was plated by mixing equal volumes of melted 0.35% agarose and 1x RPMI containing 10%FBS antibiotics along withtrypsinized transfected MDAMB-231 cells and incubated at 37°C in humidified incubator for 10 to 30 days. For nutrients, RPMI media was provided 1--2 times per week. Soft agar plate was stained with 0.5 ml of 0.05% Crystal Violet for more than 1 hour and picture were taken under Olympus CKX41 inverted microscope.

Cell migration assay {#sec012}
--------------------

Transfected MDAMB-231 cells were placed on the upper chambers of Trans well plates (1×10^5^ cells/ml). 500 μl of DMEM with 10% FBS was added to the lower chambers. Cells are fixed by replacing the culture medium in the bottom and top of the chamber with 4% formaldehyde dissolved in PBS for 15 min at room temperature. The chambers were rinsed in PBS and permeabilized with methanol and stained with 0.2% crystal violet for 10 min. Excess stain was washed with dH~2~O. The cells were visualized under inverted microscope (Model CKX41, Olympus).

Invasion assay {#sec013}
--------------

Transwell chambers were placed with 30 μl of diluted Matrigel in a 24-well plate and incubated at 37°C for 2 hrs. 1×10^5^ MDAMB-231 cells in serum-free DMEM were seeded into the Matrigel of Transwell chambers. 500 μl of DMEM with 10% FBS was added to the basal chamber and incubated at 37°C with 5% CO~2~for 48h.Cells were fixed by replacing the culture medium in the bottom and top of the chamber with 4% formaldehyde dissolved in PBS. After fixation for 15 min at room temperature, the chambers were rinsed in PBS andpermeabilized with methanol. The chamber is stained with 0.2% crystal violet for 10 min. Excess stain was washed away with dH~2~O. The cells were visualized under inverted microscope (Model CKX41, Olympus).

Caspase 3 assay {#sec014}
---------------

MDAMB-231 cells were grown in a 6 well plates. Amongst six of these wells, cells from two of the wells were transfected with miR-15a and cells from the other two were treated with cisplatin. Rest of the cells served as control. Protein lysate was isolated using RIPA buffer and the protein was quantified with Bradford reagent. The level of Caspase-3 was checked using ApoAlert^®^ Caspase-3 Colorimetric Assay Kit (\#630216, Clontech laboratories, Japan).

MTT {#sec015}
---

Cytotoxicity level was checked by performing MTT assay. MDAMB-231cells (15 x10^3^) were seeded in 96 well plates and allowed to grow. After 24 hrs, miR-15a, miR-200a, miR-200b, miR-429 and miR-203 were ectopically expressed and the cells were incubated for 24 hrs. Scramble miRNA vector was used as a control. The cells were treated with 5 μM of cisplatin followed by incubation for 24 hrs. MTT reagent was added according to manufacturer's instructions (Molecular Probes, Vibrant MTT Cell Proliferation Assay Kit, \#V13154) and cell viability was determined by taking optical density values at 570 nm (Thermo Scientific Varioskan Flash). Each experiment was repeated three times and the mean average was plotted.

BrdU cell proliferation assay {#sec016}
-----------------------------

MDAMB-231 cells were plated at a seeding density of 2\*10^4^ cells/well in a 96-well plate. miR-200a, miR-200b, miR-15a, miR-429, and miR-203 were transfected into the cells. Cells were labeled with BrdU for 2 hours, fixed and evaluated (\#2750, BrdU Cell Proliferation Assay, Merck Millipore, USA). Samples were analyzed in a scanning multimode reader (Thermo Scientific Varioskan Flash).

Trypan blue assay {#sec017}
-----------------

MDAMB-231cells (15 x10^4^) were seeded in 12 well plates and allowed to grow. After 24 hrs, miR-15a, miR-200a, miR-200b, miR-429 and miR-203 were ectopically expressed and the cells were incubated for 48 hrs. Scramble miRNA vector was used as a control. Viable and dead cells were determined by trypan blue dye exclusion assay. Dead cells were defined as those stained dark blue whereas live cells are bright white. Viable and non-viable cells were counted by using hemocytometer.

Statistical analysis {#sec018}
--------------------

Results are given as Mean of three independent experiments ±S.D, employing Students t-test, performed with triplicate values. Values at p\<0.05 were considered as significant.

Result {#sec019}
======

Tumor suppressor miRNAs modulate expression of BMI1 {#sec020}
---------------------------------------------------

BMI1 is overexpressed in various cancers and is involved in cancer cell proliferation, cell invasion, distant metastasis and chemosensitivity\[[@pone.0190245.ref024]\]. Our earlier studies have shown that modulating the expression of miR-15a/16 lead to alteration in the expression of BMI1\[[@pone.0190245.ref025]\]. To further understand our studies and to explore whether expression of BMI1is modulated by altering the expression of other sets of miRNAs, we performed miRNA analysis studies by performing real-time PCR. Real time PCR was performed using primers against human miRNAs(System biosciences Cat \#. RA660A) with RNA isolated from MDAMB-231 and BT-549 breast cancer cells in which BMI1 was knock-down. Several tumor suppressor miRNAs were deregulated. Expression of miR-15a, miR-200a, miR-200b, miR-429, miR-203 were elevated in BMI1 knock-down samples in both MDAMB-231 and BT-549 cells compared to un-transfected MDAMB-231 and BT-549 cells that served as control([Fig 1A](#pone.0190245.g001){ref-type="fig"}).

![BMI1 regulated by miRNAs.\
Expression of the mentioned miRNAs in MDAMB-231 and BT-549 having pSMP-Bmi1 (A). Protein expression of BMI1wasanalyzed by performing western blotting in BT-549 cells having overexpressed miR-200a, miR-200b, miR-15a, miR-429, and miR-203. Actin was used as endogenous control (B).wt-BMI1 3' UTR and Mut-BMI1 3'UTR were overexpressed along with miR-200a, miR-200b, miR-15a, miR-429, miR-203 and luciferase activity was measured (C,D).](pone.0190245.g001){#pone.0190245.g001}

To further investigate and reconfirm the regulatory roles of these miRNAs on BMI1 we overexpressed them in BT-549 cells and performed western blot analysis with proteins isolated from these cells carrying overexpressed miRNA and probing against BMI1 antibodies. A significant down-regulation in the expression of BMI1 was seen in cells having the ectopic expression of miR-15a, miR-200a, miR-200b, miR-429 and miR-203 when compared to control cells transfected with scrambled miRNAs ([Fig 1B](#pone.0190245.g001){ref-type="fig"}).

miRNAstarget BMI1 at 3'UTR {#sec021}
--------------------------

As the altered expression of these miRNAs modulated the expression of BMI1, we wanted to check their probable binding sites by using several prediction tools such as miRTarBase (<http://mirtarbase.mbc.nctu.edu.tw/>), Targetscan(<http://www.targetscan.org/>)and microRNA.org (<http://www.microrna.org/microrna/home.do>). miR-15a, miR-200a, miR-200b, miR-429 and miR-203 showed a clear binding to the 3'UTR of BMI1 ([S1 Fig](#pone.0190245.s001){ref-type="supplementary-material"}). To confirm the result shown by *in silico*binding of the miRNAs to the 3'UTRs ofBMI1, we cloned the wild-type 3'UTR of BMI1 into psiCHECK-2 vector that have a dual luciferase reporter system. We also wanted to see whether these miRNA produce similar effects in another metastatic breast cancer cell line MDAMB-231. The vector with the wild-type BMI1 3'UTR was co-transfected along with miR-15a, miR-200a, miR-200b, miR-429, and miR-203 respectively into MDAMB-231 cells. Cells transfected with empty psiCHECK-2 vector and scramble miRNA vector served as control. A significant reduction of reporter activity was observed in the systems ([Fig 1C](#pone.0190245.g001){ref-type="fig"}). No significant change was observed upon co-transfection of Mut-3'BMI1 UTR with miR-15a, miR-200a, miR-200b, miR-429, and miR-203([Fig 1D](#pone.0190245.g001){ref-type="fig"}).

Overexpression of miR-200a, miR-200b, miR-15a, miR-429 and miR-203 leads to inhibition ofPRC-1 group of protein expression {#sec022}
--------------------------------------------------------------------------------------------------------------------------

miR-200a, miR-200b, miR-15a, miR-429 and miR-203 weretransfected into both MDAMB-231([Fig 2A](#pone.0190245.g002){ref-type="fig"}) and BT-549 ([Fig 2B](#pone.0190245.g002){ref-type="fig"}) cells. Scramble miRNA vector was transfected into cells that served as control. Both MDAMB-231 and BT-549 cells having ectopic expression of these miRNAs showed significant down-regulation of BMI1, RING1A and RING1B expression. As BMI1 mono-ubiquitinates H2A-119, a known PRC1 substrate we next checked the ubiquitination status of H2A-119.A significant down-regulation in the level of ubiquitination of H2A at119 was observed in these cells ([Fig 2A and 2B](#pone.0190245.g002){ref-type="fig"}). To further our observation we next performed immunocytochemistry in MDAMB-231 cells transfected with miR-200a, miR-200b, miR-15a, miR-429, and miR-203. Results clearly showed a reduced signal for BMI1, RING1A and RING1B whereas no change was observed in cells transfected with scramble miRNA vector ([Fig 2D and 2E](#pone.0190245.g002){ref-type="fig"}) ([S2 Fig](#pone.0190245.s002){ref-type="supplementary-material"}). Further, pSMP-Bmi1 and pT3-EF1 were overexpressed and examined the expression of polycomb group of proteins like BMI1, Ring1A, Ring1B,Ub-H2A. Result shows overexpression of pSMP-Bmi1 increased the protein expression of BMI1, Ring1A, Ring1B,Ub-H2A knock-down of BMI1 by using pT3-EF1shows decreased expression of the same proteins. Scramble transfected cells were used as control ([S3 Fig](#pone.0190245.s003){ref-type="supplementary-material"}).

![miR-200a, miR-200b, miR-15a, miR-429, miR-203 regulate PRC1 proteins in MDAMB-231 cells.\
Expression of BMI1, RING1A, RING1B and Ub-H2A in MDAMB-231(A) and BT549 (B) cells having overexpression of miR-200a, miR-200b, miR-15a, miR-429, miR-203. Expression of BMI1, Ub-H2A protein in MDAMB-231cells transfected with Anti-miR- 200a, Anti-miR-200b, Anti-miR-15a, Anti-miR-449, Anti-miR-203 (C) BMI1, RING1A localization in MDAMB-231 cells having overexpressed miR-200a, miR-200b, miR-15a, miR-449, miR-203under confocal microscopy (D, E). Cells transfected with Scramble Vector were used as controls. Bar indicates 200μm.](pone.0190245.g002){#pone.0190245.g002}

Antagonizing miR-200a, miR-200b, miR-15a, miR-429, and miR-203 enhances BMI1 {#sec023}
----------------------------------------------------------------------------

Tocorroborate specifically that these miRNAstarget BMI1, MDAMB-231 cells were transfected with anti-miR-15a, anti-miR-200a, anti-miR-200b, anti-miR-429 and anti-miR-203. Total protein from these cells was isolated and probed against BMI1. Simultaneously the protein isolated from these cells was also probed against Ub-H2A116since BMI1 monoubiquitinates H2A at 116 position. There was a significant up-regulation in the expression of BMI1 and Ub-H2A116 levels. Antagonizing miR-15a, miR-200a, miR-200b, miR-429, and miR-203 reversed the effects generated by overexpression of these miRNAsconfirming the roles of these miRNAs on BMI1 protein and Ub-H2A116 ([Fig 2C](#pone.0190245.g002){ref-type="fig"}).

miR-200a, miR-200b, miR-15a, miR-429and miR-203 promote Mesenchymal to Epithelial transition {#sec024}
--------------------------------------------------------------------------------------------

The miR-200 family suppresses Epithelial to Mesenchymal Transition (EMT) by regulating ZEB1 and ZEB2transcription factors. Inhibiting these factors reverses the process leading toMesenchymal to Epithelial Transition (MET)\[[@pone.0190245.ref026]\]. BMI1 is amember of Polycomb group of protein involved in EMT. Our previous experiments demonstrated that the ectopic expression of miR-200a, miR-200b, miR-15a, miR-429, miR-203 inhibited the expression of PRC1 group of protein BMI1. Therefore we investigated the roles of these miRNAs inMET. miR-200a, miR-200b, miR-15a, miR-429, and miR-203 were overexpressed in MDAMB-231 cells and the expression of mesenchymal markers, N-cadherin, Vimentin, ZEB-1, snail andβ-catenin were checked at protein level. A substantialdown-regulation was seen at the translation level([Fig 3A](#pone.0190245.g003){ref-type="fig"}). Immunocytochemistry studies showed a reduced N-cadherin, Vimentin signal upon miR-200a, miR-200b, miR-15a, miR-15a, miR-429, and miR-203 overexpression compared to control cells transfected with scramble miRNA vector([Fig 3B and 3C](#pone.0190245.g003){ref-type="fig"}) confirming that miR-200a, miR-200b, miR-15a, miR-429, and miR-203 plays a very crucial role in METby regulating BMI1. Further to prove our hypothesis that all above miRNAs regulating BMI1, MET proteins expression and also, BMI1 plays a crucial role in MET we overexpressed or knock-down BMI1 by transfecting pSMP-Bmi1 and pT3-EF1. Results shows overexpression of pSMP-Bmi1 increased the protein expression of N-Cad, Vimentin, β-Catenin, Snail, ZEB1and knock-down of BMI1 by using pT3-EF1 shows decreased expression of the same proteins. Scramble transfected cells were used as control ([S3 Fig](#pone.0190245.s003){ref-type="supplementary-material"}). Also to check the cell viability upon overexpression of miR-200a, miR-200b, miR-15a, miR-429, miR-203 we perfomed the trypan blue assay. Resesults corroborates that upon overexpression of these miRNAs shows modest reduction in the number of viable cells comparatively scramble transfected cells ([S7 Fig](#pone.0190245.s007){ref-type="supplementary-material"}).

![miR-200a, miR-200b, miR-429, and miR-203 induce Mesenchymal to Epithelial transition.\
Level of expression of N-cadherin, Vimentin, β-Catenin, ZEB-1, Snailin MDAMB-231cells having overexpressed miR-200a, miR-200b, miR-15a, miR-429, and miR-203(A). Cytological localization of Vimentin, N-cadherin in MDAMB-231 cells having mentioned over expressed miRNAs.ScramblemiRNA vector was used as control (B, C).Bar indicates 200μm.](pone.0190245.g003){#pone.0190245.g003}

miR-200a, miR-200b, miR-15a, miR-429, and miR-203 reduces rate of migration invasion and anchorage-independent growth ofMDAMB-231 cells {#sec025}
---------------------------------------------------------------------------------------------------------------------------------------

Anti-proliferative activity of miR-200a, miR-200b, miR-15a, miR-429, miR-203 in various cancers has been previously reported \[[@pone.0190245.ref025], [@pone.0190245.ref027]\]. Our interest was to see whether they pose any effect on migration, invasion and anchorage independent growth. MDAMB-231cells having overexpressedmiR-200a, miR-200b, miR-15a, miR-429, miR-203 were allowed to incubate for 48hrs and plated in a Transwell chamber and further allowed to incubate for 24hrs. The cells were allowed to move through the membrane of the chamber followed by staining with crystal violet. The stained cells were observed under the microscope to visualize any change in the rate of migration. Cells transfected with miRNAs migrated at much slower rate compared to cells that are transfected with scrambled miRNAs vector ([Fig 4B](#pone.0190245.g004){ref-type="fig"}). To check the rate of invasion, same experiment was performed in Transwell chamber coated with Matrigel. The Matrigel Matrix serves as a reconstituted basement membrane in vitro, occluding the pores of the membrane and blocking the non-invasive cells from migrating through the membrane. Staining with crystal violet showed that the number of cells invading through the membrane of the Matrigel chamber was markedly lesser ([Fig 4A](#pone.0190245.g004){ref-type="fig"}) confirming that both migration and invasion was reduced upon ectopic overexpression of the mentioned miRNAs. **Graph shows the quantitation of invasive and migrative cells** ([S4 Fig](#pone.0190245.s004){ref-type="supplementary-material"}).

![miRNAs inhibit migration, invasion and anchorage-dependent growth in MDAMB-231 cells.\
Migratory and invasive rolesin MDAMB-231 cells having overexpressed miRNAs(A, B). Soft agar assay in MDAMB-231 cells having over expressed miRNAs (no of replicates 3) (C).Scramble miRNA vector transfected cells were used as control. All the experiments were performed in triplicates and standard deviation is represented in error bars.](pone.0190245.g004){#pone.0190245.g004}

Anchorage-independent growth is the one of the most stringent malignant transformation in cells that allows theability of transformed cells to grow independently on a solid surface\[[@pone.0190245.ref028]\]. To see whether the same set of miRNAs produce any effect on anchorage independent growth, MDAMB-231 cells transfected with miR-15a, miR-200a, miR-200b, miR-429, miR-203were trypsinized after 48hrsof incubation and further allowed to incubate in soft agar for 3 weeks. These cells showed smaller and lesser anchorage-independent colonies when compared to cells transfected withscramble miRNA that were used as control ([Fig 4C](#pone.0190245.g004){ref-type="fig"}). Confirmation study with wound healing assay also showed that the cells transfected with the mentioned miRNAs exhibited less migration when compared to the control cells ([Fig 5A](#pone.0190245.g005){ref-type="fig"}).

![miR-200a, miR-200b, miR-15a, miR-429, miR-203 inhibits migration and cell proliferation.\
Images at 0hrs, 24 hrs and48 hrs of migration assay in MDAMB-231 cells having overexpressed miRNAs as well as transfected with scrambled miRNA vector control (A).Observation of Ki-67 localization under confocal microscopyin MDAMB-231 cellshaving over expressed miRNAs.ScramblemiRNA transfected cells were used as control (B).All the experiments were performed in triplicates.](pone.0190245.g005){#pone.0190245.g005}

miR-200a, miR-200b, miR-15a, miR-429, miR-203reduces cell proliferation of MDAMB-231 cells {#sec026}
------------------------------------------------------------------------------------------

Ki-67 a marker for cellular proliferation is expressed during G1, S, G2 and mitosis but absent during the resting phase of the cell cycle\[[@pone.0190245.ref029]\]. In breast cancer, Ki-67overexpression indicates an aggressive tumor and predicts poor prognosis. To see whether these miRNAs have any effect on the expression of Ki-67, which in turn controls cell proliferation, we performedimmunocytochemistry and western blotting studies in MDAMB-231 cells transfected withmiR-200a, miR-200b, miR-15, miR-429, miR-203. There was a clear down-regulation of Ki-67 expression level in cells transfected with overexpressed miRNAs compared to controls showing a clear indication that these miRNAs lowered the rate of proliferation([Fig 5B](#pone.0190245.g005){ref-type="fig"} and [S6 Fig](#pone.0190245.s006){ref-type="supplementary-material"}).

miR-200a, miR-200b, miR-15atargets BMI1 in CD44 enriched cancer stem cells (CSCs) {#sec027}
---------------------------------------------------------------------------------

BMI1 plays a crucial role in self-renewal and differentiation of stem cells\[[@pone.0190245.ref030], [@pone.0190245.ref031]\]. Therefore our interest was to see the regulatory role of these miRNAs in CSCs.Cancer stem cell fraction in MDAMB-231 cells were identified by confirming with the fluorescence labeled antibodies against surface marker CD44 in image flow cytometer. The total cell population showed 77.1% of CD44+ cells and 22.9% of CD44- cells. The CD44+ enriched population consisted of 96% of CD44+ cells and 3.86% of CD44- cells. The unstained cells comprised of 99.1% CD44- cells and 0% of CD44+ cells ([Fig 6A](#pone.0190245.g006){ref-type="fig"}). The CD44^+^ and CD44^-^ cells were cultured and the total protein was subjected to western blotting and checked for BMI1 expression. In CD44^+^ sample, BMI1 expression was significantly more than that in CD44^-^ sample and control ([Fig 6B](#pone.0190245.g006){ref-type="fig"}). To check the regulatory effects of miRNAs on BMI1 in CD44^+^CSCs, we overexpressed subsequent miRNAs in CD44^+^ CSCs and probed against BMI1 and Ub-H2A116. miR-200a, miR-200b and miR-15a down-regulated BMI1 and Ub-H2A116, CD44 expression when compared to other miRNAs and scramble transfected control cells ([Fig 6C](#pone.0190245.g006){ref-type="fig"} and [S5 Fig](#pone.0190245.s005){ref-type="supplementary-material"}). These results conclude that miR-200a, miR-200b, miR-15acould reduce cancer stemness thorough repressing BMI1 protein.

![miRNAs reduce expression of BMI1 and Ub-H2A in CD44+ stem cell population of MDAMB-231 cells and down-regulate HDACs expression in MDAMB-231 cells with SAHA treatment.\
Segregation of CD44+ and CD44- cells by flow cytometry. From the CD44+ enriched population, 96% of the cells were CD44+ and 3.86% of the cells were CD44.Unstained cell population had 99.1% of CD44- cells (A). Expression of BMI1 in CD44+ and CD44- cells (B). Protein expression of BMI1 and Ub-H2A in CD44+ population transfected with miR-200a, miR-200b, miR-15a, miR-429 and miR-203 (C). Actin served as the loading control in (B) and (C). Levels of miR-200a, miR-200b, miR-15a, miR-429 and miR-203 in MDAMB-231 and BT-549 cells treated with SAHA. Untreated cells served as a control (D). Protein expression of various HDACs in cells having overexpression of miR-200a, miR-200b and miR-203. Cells with scramble miRNA were used as control. Cells without miRNA transfection but treated with SAHA served as positive control. GAPDH served as the loading control (E).](pone.0190245.g006){#pone.0190245.g006}

Cooperative effect ofmiR-200a, miR-200b, miR-203 and SAHA down-regulate HDACs inMDAMB-231 cells {#sec028}
-----------------------------------------------------------------------------------------------

Histone deacetylases (HDACs) are involved in cancer initiation and progression by regulating numerous proteins\[[@pone.0190245.ref032], [@pone.0190245.ref033]\]whose expression is down-regulated by Histone deacetylase inhibitors (HDACi) like suberoylanilidehydroxamic acid (SAHA)\[[@pone.0190245.ref034]--[@pone.0190245.ref036]\]. HDACiare also known to down-regulate the expression of BMI1\[[@pone.0190245.ref037]\]. Therefore we hypothesized that treatment of known HDACi would probably increase the expression of the miRNAsthat regulate BMI1. Both MDAMB-231 and BT-549 cells were treated with 2μM of SAHA and the expression levels of miR-200a, miR-200b, miR-15a, miR-429, and miR-203 was checked. Result indicated a significant increase in miR-200a, miR-200b and miR-203 expression whereas miR-15a, miR-429, did not show any significant change([Fig 6D](#pone.0190245.g006){ref-type="fig"}). Interestingly, overexpression of miR-200a, miR-200b and miR-203 in MDAMB-231 cells followed by treatment with SAHA lead to a down-regulation of HDAC1, HDAC2, HDAC6 and HDAC8 protein expression levels when compared to SAHA treated control cells transfected with scramble miRNAas well as cells that were treated with SAHA alone ([Fig 6E](#pone.0190245.g006){ref-type="fig"}). This clearly proved that overexpressing miRNAs with SAHA treatment able to regulates HDACs expression.

miR-15a sensitized MDAMB-231 cells to the chemotherapeutic drugcisplatin {#sec029}
------------------------------------------------------------------------

Cisplatin is a widely used chemotherapeutic drug for treating breast cancer\[[@pone.0190245.ref038], [@pone.0190245.ref039]\]. Since treatment of cells with miRNA 200a, 200b, 203 sensitized cells towards HDACi, we wanted to see whether same treatment allowed cells to be sensitized towards chemotherapeuticdrugs. Cells were transfected with overexpressedmiR-200a, miR-200b, miR-15a, miR-429, miR-203, and subjected to treatment with 5 μg/ml of cisplatin. After 24 hrs, MTT and BrdU assay were performed to assess the rate of proliferation. Results from both these assays indicated that cells with overexpression of miR-15a showed a reduction in proliferation rate with increased cytotoxicity unlikethe cells transfected with other miRNAs and scramble miRNA ([Fig 7A and 7B](#pone.0190245.g007){ref-type="fig"}). Cells with miR-15a and cisplatin treatmentalso showed down-regulation in the expression ofBCL2 an anti-apoptotic marker, MDM2 the negative regulator of p53 andATP-binding cassette sub-family G member 2 (ABCG2) which is a multi-drug resistance marker along with elevation of pro-apoptotic proteins like BID, BAX andCaspase-3 ([Fig 7C](#pone.0190245.g007){ref-type="fig"}). Immunocytochemistry studies in the cells having overexpressed miR-15a followed by treatment with cisplatin also showed an alleviation of ABCG2 expression ([Fig 7F](#pone.0190245.g007){ref-type="fig"}) confirming that indeed miR-15a was capable of inducing apoptosis by sensitizing cells to cisplatin.Caspase-3activity was drastically high in this particular category of cells([Fig 7D](#pone.0190245.g007){ref-type="fig"})indicating apoptosis. The results were further confirmed by performing TUNNEL assay, a common method for detecting DNA fragmentation. A higher rate of apoptosis of these cells was seen confirming DNA fragmentation that results in apoptosis([Fig 7E](#pone.0190245.g007){ref-type="fig"}). Overall the results indicate that overexpressing miR-15a sensitizes MDAMB-231 cells to the chemotherapeutic drug cisplatin.

![miR-15a sensitized MDAMB-231 cells to cisplatin.\
Results of MTT assay showing the effect of miR-200a, miR-200b, miR-15a, miR-429, miR-203 in MDAMB-231 cells. Scramble miRNA vector was used as a control. Error bars indicate ±S.E of n = 3 (A). Results of BrdU assay showing the effect of miR-200a, miR-200b, miR-15a, miR-429, miR-203 in MDAMB-231 cells. Scramble miRNA vector was used as control. Error bars indicate ±S.E of n = 3 (B). Western blot analysis showing expression of BMI1, Ub-H2A, ABCG2, MDM2, pro-apoptotic and anti-apoptotic proteins like BAX, BID, BCL2, Caspase-3 in miR-15a overexpressed cells with cisplatin treatment. Scramble miRNA transfected cells served as control. β-Actin was used as gel loading control (C). Caspase-3 assay and Tunel assay were performed in MDAMB-231 containing ectopically expressed miR-15a with cisplatin treatment. Scramble miRNA transfected cells served as control. Cells with only cisplatin treatment served as positive control (D, E). Immunocytochemistry studies of above group of cells showing expression of ABCG2 (F).](pone.0190245.g007){#pone.0190245.g007}

Discussion {#sec030}
==========

BMI1, a PRC1 group of protein is overexpressed in almost all cancers and causes cell proliferation and invasion, thereby leading to metastasis. The possibility of miRNAs being a therapeutic target against cancer is a recent discovery. miR-15a and miR-16 cluster, located on chr13q14, serves as tumor suppressor and inhibits the expression of BCL2 in Chronic lymphocytic leukemia (CLL)\[[@pone.0190245.ref040], [@pone.0190245.ref041]\]. It also regulates BCL2, CCND1, and WNT3A in prostate tissue.miR-34amodulates c-Myctranscriptional complexes and suppresses prostate cancer malignancy \[[@pone.0190245.ref041], [@pone.0190245.ref042]\]. let-7a regulates MYC in BurkittLymphoma Cells \[[@pone.0190245.ref043]\]. Our studies with qRT-PCR show that a limited set of miRNAs(miR-200a, miR-200b, miR-15a, miR-429, and miR-203)are up-regulated upon knock-downof PRC1 complex of protein BMI1([Fig 1A](#pone.0190245.g001){ref-type="fig"}). Overexpression of miR-200a, miR-200b, miR-15a, miR-429 and miR-203 not only down-regulated the expression of BMI1protein, but also that of RING1A and RING1B, which also belong to PRC1 complex(Figs [1B](#pone.0190245.g001){ref-type="fig"}, [2A and 2B](#pone.0190245.g002){ref-type="fig"}). This implies that these miRNAshave a determinative role in the functioning of the PRC1 network. Immunocytochemistry studies re-inforce this data ([Fig 2D and 2E](#pone.0190245.g002){ref-type="fig"}). Analyzing the binding regions of these miRNAs using online prediction tools and dual luciferase assay explained that these miRNAs exert their role probably by binding to the 3'UTR sequences of BMI1 ([Fig 1C and 1D](#pone.0190245.g001){ref-type="fig"}). The PRC1 proteins BMI1 and RING1A play a major role in instigatinggene silencing \[[@pone.0190245.ref044]\]. BMI1 and RING1A do this by ubiquitinating H2A leading to the silencing of the target genes that are involved in a variety of biological processes including tumor progression and stem cell maintenance \[[@pone.0190245.ref045]\],\[[@pone.0190245.ref046]\]. Our results uniquely showed that miR-200a, miR-200b, miR-15a, miR-429, miR-203 significantly down-regulatedprotein expression levels of Ub-H2A in MDAMB-231 and BT-549 cells ([Fig 2A and 2B](#pone.0190245.g002){ref-type="fig"}). Antagonizing these miRNAs show the reversal of this effect ([Fig 2C](#pone.0190245.g002){ref-type="fig"}). Interestingly, overexpressionof miR-200a, miR-200b, miR-15a, resulted in the down-regulation of BMI1 and UbH2A in the CD44+ Cancer Stem Cell population of MDAMB-231 cells([Fig 6A, 6B and 6C](#pone.0190245.g006){ref-type="fig"}) demonstrating a definite role in maintaining gene silencing and maintainingcancer stemness.

BMI1 is crucial constituents of the epithelial to mesenchymal transition (EMT) of metastatic breast cancer \[[@pone.0190245.ref031], [@pone.0190245.ref047]--[@pone.0190245.ref049]\]. On the contrary, reports suggest that many miRNAsplay role inmesenchymal to epithelial transition. Studies have shown that miR-1271 inhibits cell proliferation, invasion, and EMT and ultimately reverses EMTto MET in gastric cancer \[[@pone.0190245.ref050]\]. miR-100 inhibits cell migration and cell invasion by targeting HOXA1\[[@pone.0190245.ref051]\]. Studies showed that miR-200 inhibits EMT by targeting ZEB1 and ZEB2\[[@pone.0190245.ref052]\] and our studies showed that overexpression of miR-200a, miR-200b, miR-15a, miR-429, and miR-203 decreased the protein expression of Mesenchymalmarkers i.e. N-cadherin, Vimentin, Snail, β-Catenin ([Fig 3A, 3B and 3C](#pone.0190245.g003){ref-type="fig"}) showing these miRNAs can promote mesenchymal to epithelial transition (MET). Also, to proof our hypothesis that BMI1 plays a pivotal role in MET we overexpressed and knock-down BMI1 levels and examine the PRC1 and MET group of proteins expression. Results corroborate that overexpression of BMI1 up-regulates the PRC1 and MET protein expression and knock-down shows reverse effect ([S3 Fig](#pone.0190245.s003){ref-type="supplementary-material"}).

Cell proliferation, migration and invasion characterize metastatic cancer cells. In this study we have shown that up-regulation of these miRNAs in metastatic MDAMB-231 cells reduce expression of Ki-67 a well-established proliferation marker ([Fig 5B](#pone.0190245.g005){ref-type="fig"}) and reduce significantly the rate of cell migration and cell invasion (Figs [4A, 4B](#pone.0190245.g004){ref-type="fig"} and [5A](#pone.0190245.g005){ref-type="fig"}). Metastatic tumor cells are capable of evading anoikis and surviving in an anchorage-independentmanner. Increasing the expression of these miRNAs in the cells lead to a decrease in the number and size of anchorage-independent colonies on soft agar. This insinuates a lessening of the carcinogenic quality of the metastatic cells ([Fig 4C](#pone.0190245.g004){ref-type="fig"}).

Drug sensitivity of these transfected MDAMB-231 cells towards HDACi and Cisplatin were analyzed. Only miR-200a, miR-200b and miR-203 were up-regulated when MDAMB-231 and BT-549 cells were treated with SAHA, aHDACi. Overexpression of the same miRNAs decreased the protein expression levels of HDAC1, HDAC2, HDAC6 and HDAC8([Fig 6D and 6E](#pone.0190245.g006){ref-type="fig"}) showing a direct connection in sensitizing the cells towards HDACi. Intriguingly, cellstransfected with miR-15a combined with cisplatin treatment showed higher levels of cytotoxicity, lower cell proliferation, higher Caspase-3 activity and increased DNA fragmentation. They also exhibited a lower production of ABCG2([Fig 7A, 7B, 7C, 7D, 7E and 7F](#pone.0190245.g007){ref-type="fig"}) which is a ATP-binding cassette sub-family G member 2 (ABCG2) and human breast cancer resistance protein (BRCP) that expels chemotherapeutic drugs like mitoxantrone and topotecan out of the cells and imparts chemosensitivity\[[@pone.0190245.ref053]\].miR-15a therefore,augments the response of MDAMB-231 towards anti-cancer drugs.

The modelling of miRNA regulation in the context of biomedicine, especially in cancer, has tremendous future perspectives. miRNAand anti-miRshave shownhighpotential as anticancer therapies or adjuvant therapies. let-7 family families have reached preclinical studies by targeting RAS oncogene and further controlling tumor growth through cell cycle inhibition in lung cancer\[[@pone.0190245.ref054]\]. miR-15a/16 families have also reached preclinical studies and have shown promising tumor suppressive activity bytargeting mesothelioma and thoracic cancer\[[@pone.0190245.ref054]\]. Here we illustrate the unique role of miRNAsin their dramatic participation in breast cancer cells and our data demonstrates that the levels of PRC group of proteins in breast cancer cell lines MDAMB-231 and BT-549 can be altered by using the miRNAs i.e. miR-200a, miR-200b, miR-15a, miR-429and miR-203 which have possible binding sites at the 3'UTR sequences of BMI1. This effect seems to be recurring with respect to BMI1 within the cancer stem cell population of MDAMB-231 cells. Increasing the expression of these miRNAs generate a pronounced decrease in tumorigenic properties like cell proliferation, rate of invasion and migration, number of anchorage independent colonies, reversal of EMT, and impressively increases the sensitivity of the cells towards anti-cancer agents making them valuable as targets for cancer therapy.miR-200a, miR-200b, miR-15a, miR-429, and miR-203 could bring an exciting new dimension in the field of clinical management of human cancer in coming future.

Supporting information {#sec031}
======================

###### Predicted binding of miRNAs on 3' UTR of BMI1.

Predicted binding sites of the miRNAs at 3' UTR of BMI1. Target Scan, miRTarBase, microRNA.org were used to derive the binding sites of the miRNAs having matches with 3' UTR of BMI1.

(TIF)

###### 

Click here for additional data file.

###### Cytological studies showing expression of RING1B upon miRNA overexpression.

Immunocytochemistry data showing expression of RING1B in MDAMB-231cells upon transfection with miR-15, miR-200a, miR-200b, miR-429 and miR-203. Cells transfected with scramble miRNA served as control. Nuclear stain used was DAPI. Bar indicates 200μm.

(TIF)

###### 

Click here for additional data file.

###### BMI1 overexpression and knock-down regulate PRC1 and MET proteins ecpression in MDAMB-231 cells.

Expression of BMI1, RING1A, RING1B, Vimentin, N-Cad, β-Catenin, Snail in MDAMB-231 cells having overexpression or knock-down of pSMP-Bmi1(Cat \# 36352) and pT3-EF1 (Cat \# 31783).

(TIF)

###### 

Click here for additional data file.

###### Quantitation of invasiveand migrative cells in MDAMB-231 cells.

Invasive and migrative cells were counted from cell invation and migration assay and represented in graph.

(TIF)

###### 

Click here for additional data file.

###### miR-200a, miR-200b, miR-15a inhibits CD44 expression in CSCs.

Expression of CD44 in CSCs cells having overexpression miR-200a, miR-200b, miR-15a, miR-429, miR-203.

(TIF)

###### 

Click here for additional data file.

###### miR-200a, miR-200b, miR-15a, miR-429 and miR-302 reduced cell proliferation in MDAMB-231 cells.

MTT cell proliferation assay upon overexpression of miR-200a, miR-200b, miR-15a, miR-429 and miR-302 in MDAMB-231 cells.

(TIF)

###### 

Click here for additional data file.

###### Cell viability assay upon overexpression of miR-200a, miR-200b, miR-15a, miR-429 miR-302 in MDAMB-231 cells.

Trypan Blue assay shows cell viability upon overexpression of miR-200a, miR-200b, miR-15a, miR-429 and miR-302 in MDAMB-231 cells.

(TIF)

###### 

Click here for additional data file.

###### Table represents the primers used in the RT-PCR and Cloning/Mutagenesis.

(PDF)

###### 

Click here for additional data file.

###### Table represents the primary antibodies used in the western blotting.

(PDF)

###### 

Click here for additional data file.
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BMI1

:   B Lymphoma Mo-MLV Insertion region 1 homolog

DMEM

:   Dubecco's Modified Eagle's Medium

HDAC

:   Histone deacetylase

MET

:   Mesenchymal to Epithelial Transition

miR

:   microRNA

PBS

:   Phosphate Buffer Saline

RPMI

:   Roswell Park Memorial Institute Medium

SAHA

:   Suberoylanilidehydroxamic acid

UTR

:   Un-Translated Region
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